DNA methylation undergoes drastic fluctuation during early mammalian embryogenesis. The dynamics of global DNA methylation in bovine embryos, however, have mostly been studied by immunostaining. We adopted the whole genome bisulfite sequencing (WGBS) method to characterize stage-specific genome-wide DNA methylation in bovine sperm, immature oocytes, oocytes matured in vivo and in vitro, as well as in vivo developed single embryos at the 2-, 4-, 8-, and 16-cell stages. We found that the major wave of genome-wide DNA demethylation was complete by the 8-cell stage when de novo methylation became prominent. Sperm and oocytes were differentially methylated in numerous regions (DMRs), which were primarily intergenic, suggesting that these non-coding regions may play important roles in gamete specification. DMRs were also identified between in vivo and in vitro matured oocytes, suggesting environmental effects on epigenetic modifications. In addition, virtually no (less than 1.5%) DNA methylation was found in mitochondrial DNA. Finally, by using RNA-seq data generated from embryos at the same developmental stages, we revealed a weak inverse correlation between gene expression and promoter methylation. This comprehensive analysis provides insight into the critical features of the bovine embryo methylome, and serves as an important reference for embryos produced in vitro, such as by in vitro fertilization and cloning. Lastly, these data can also provide a model for the epigenetic dynamics in human early embryos.
INTRODUCTION
Cytosine methylation plays essential roles in mammalian development, including gene expression, transposon silencing, cell differentiation, genomic imprinting, and X chromosome inactivation (Hackett and Surani, 2013) . DNA methylation is relatively stable in differentiated somatic cells, but highly dynamic during primordial germ cell development and pre-implantation embryogenesis (Saadeh and Schulz, 2014) . Embryonic DNA methylation reprogramming requires genome-wide DNA demethylation, which erases the epigenetic marks of the parental genomes; this is followed by rapid de novo methylation to establish the epigenetic state of the early embryo (Seisenberger et al., 2012) . With the recent advancement of genome-wide bisulfite sequencing, several methylome studies have been conducted on mammalian pre-implantation embryos revealing new insights into the nuances of this dynamic process (Smith et al., 2012; Guo et al., 2014; Gao et al., 2017; Jiang et al., 2018; Zhu et al., 2018) . For example, in the mouse, reduced representation bisulfite sequencing (RRBS) revealed rapid genome-wide demethylation in zygotes (Smith et al., 2012) . In primates, however, this major demethylation event did not occur until the 2-cell stage (Guo et al., 2014; Gao et al., 2017; Zhu et al., 2018) . Contrary to observations generated by immunostaining, which showed the highest overall level of DNA methylation in mouse blastocysts (Dean et al., 2001) , the lowest averaged DNA methylation was found at this stage, despite the fact that de novo methylation had been initiated earlier (Smith et al., 2012) .
Cattle are one of the most economically valuable livestock species (Woolliams, 1996) . Many studies have been conducted on the global methylation dynamics of bovine embryos by immunostaining of 5 mC (Dean et al., 2001; Beaujean et al., 2004; Park et al., 2007) . While immunostaining provides important overall methylation dynamics, it does not provide specific sequence information of the methylated/de-methylated regions. More recently, sequence-based approach such as EmbryoGENE DNA Methylation Array was developed to profile methylome in bovine embryos (Salilew-Wondim et al., 2015; O'Doherty et al., 2018) . Although considerably more specific than immunostaining, microarrays are limited by the finite number of probes used in their construction. We were the first to report methylome dynamics at the single-base resolution in bovine in vivo pre-implantation embryos using a highthroughput sequencing method, RRBS (Jiang et al., 2018) . However, RRBS preferentially selects CpG-rich regions, such as CpG islands, while CpG shores are usually under-represented (Doherty and Couldrey, 2014) . These shore regions are known to play important roles in tissue differentiation (Doi et al., 2009) . Recently, the development of single-cell whole genome bisulfite sequencing (WGBS) allowed for the reliable and affordable revelation of potentially all CpG sites in a single oocyte or embryo (Smallwood et al., 2014) . Thus, we sought to complement our previous work by analyzing bovine gametes and in vivo preimplantation embryos using WGBS. These data will provide the gold standard reference that can lead to improvements in assisted reproductive technologies and provide evolutionary insights across species. Importantly, bovine embryos, which are more similar to human embryos than mouse embryos are, in terms of gene expression profiles and developmental timing, can serve as a great model for understanding human development, especially since human in vivo embryos are not available for research.
MATERIALS AND METHODS

Collection of Bovine Gametes and Embryos
Frozen bovine sperm from a Holstein bull with proven fertility were thawed and washed using PureCeption gradient solution to remove somatic cell contaminants. After serial dilutions, three aliquots of approximately 20 sperm each were snap frozen and stored at −80 • C until sequencing library preparation.
Ovarian stimulation and oocyte retrieval from Holsten cows (n = 10) were performed as previously described (Hayakawa et al., 2009; Jiang et al., 2014 Jiang et al., , 2018 . Briefly, superovulation was achieved using five doses of intramuscular injections of FSH beginning 5 days after insertion of a Controlled Intravaginal Drug Release (CIDR) device. Two doses of prostaglandin F2 alpha were given along with the last two FSH treatments, followed by CIDR removal. Standing estrus (Day 0) was seen approximately 48 h post-prostaglandin injection. GnRH was then administered at estrus. Each cow was inseminated 12-and 24-h post-standing heat. Donor cows were sacrificed at 30 h and 2-4 days after estrus to collect in vivo matured oocytes and 2-to 16-cell embryos, respectively, by oviductal flushing. For in vitro matured oocytes, GV oocytes were collected as cumulusoocyte complexes from follicles of 3-5 mm in diameter from slaughterhouse ovaries. BO-IVM medium (IVF Bioscience) was used for oocyte in vitro maturation. This was conducted in four-well dishes for 24 h at 38.5 • C with 5% CO 2 . Oocyte and embryo stages were then evaluated under light microscopy and only Grade 1 embryos by standards of the International Embryo Technology Society were selected for further study.
All single oocytes and embryos were washed with D-PBS containing 1 mg/ml polyvinylpyrrolidone (PBS-PVP) and transferred into 50 µl droplets of 0.1% protease to remove the zona pellucida. Single oocytes and embryos were rinsed three times in PBS-PVP and confirmed to be free of contaminating cells, and then snap frozen with minimal medium and stored at −80 • C until sequencing library preparation.
Preparation of WGBS Libraries
We obtained pools of 20 sperm (n = 3), single germinal vesicle (GV) oocytes (n = 4), single in vivo matured oocytes (n = 6), single in vitro matured oocytes (n = 6) and single embryos at the 2-cell (n = 4), 4-cell (n = 5), 8-cell (n = 4), and 16-cell (n = 3) stages (Supplementary Table S1 ). We followed the protocol of library preparation by Smallwood et al. (2014) to prepare the single oocyte/embryo WGBS libraries. Briefly, sperm or a single oocyte/embryo were seeded into lysis buffer with 20 mg/ml of protease and 10% Trition-X 100. Genomic DNA was released after incubation at 50 • C for 3 h, followed by 75 • C for 30 min to inactivate the protease. Bisulfite treatment to convert unmethylated cytosines to uracils was conducted by using the MethylCode Bisulfite Conversion Kit (Thermo Fisher). The synthesis of complementary strands was repeated five times with Biotinylated random primer Bio-P5-N9 (Biotin-CTA CACGACGCTCTTCCGATCTNNNNNNNNN). This allowed the maximizing of the tagged DNA strands and the generation of multiple copies of each fragment. Second-strand DNA was synthesized using another random primer, P7-N9 (AGAC GTGTGCTCTTCCGATCTNNNNNNNNN). Final libraries were prepared after 12 cycles of PCR amplification using Illumina Universal PCR primers and indexed primers (NEBNext Multiplex Oligos for Illumina, New England BioLabs). Agencourt AMPure XP beads were used to purify the amplified libraries. The quality and quantity of the libraries were determined using high-sensitivity DNA chips on the Agilent Bioanalyzer, and KAPA Library Quantification Kits (KAPA Biosystems). Indexed libraries were pooled and sequenced on the Illumina HiSeq4000 platform with 150 bp paired-end reads. On average, 10× coverage of bovine genome per sample was obtained. With at least 3 replicates at each stage, our sequencing depth satisfied the requirement of Roadmap Epigenomics guidelines for WGBS that at least 30× coverage of the genome when reads from biological replicates are combined (Bernstein et al., 2010) . The raw FASTQ files are available at Gene Expression Omnibus (GEO) 1 under accession number GSE121758.
Read Filtering and Mapping
The sequencing adapters were removed by 2 . The reads were removed if they had a quality score lower than 20, length less than 36 and a total number of 15 Ns or more. FastQC 3 was used to assess the read quality. The first 12 bp at the 5 end of both pairs were found to be of low quality and removed. Trimmed sequences were mapped to the bovine genome UMD3.1.1 using Bismark -v.0.18.1 (Krueger and Andrews, 2011) , with parameters: -non_directional, -score_min L,0,-0.6, -un. This resulted in an average of 11.8 million reads per sample uniquely mapped (Supplementary Table S1 ). After mapping, we removed duplicates and non-converted reads using deduplicate_bismark and filter_non_conversion, respectively (Krueger and Andrews, 2011 ). An average of 4 million reads per sample remained for downstream analysis (Supplementary Table S1 ). This corresponds to 33.8% sequencing read usage, 13% higher than the original report by Smallwood et al. (2014) .
Quantification of Methylation Level and CpG Density
Using Bismark Methylation Extractor (Krueger and Andrews, 2011) , methylation coverage for every single C was extracted and read coverage files were generated. Non-CpG methylation was also reported. When calculating the methylation level of each CpG site, the read coverage files of cytosines in CpG context were used. The DNA methylation level of each CpG site was calculated using count_methylated ("C" reads) divided by sum of count_methylated and count_unmethylated ("C" + "T" or total read counts). The numbers of CpG sites with 1×, 5×, or 10× total read counts of each stage were summarized in Supplementary  Table S1 . Data visualization and analysis were preformed using custom R, Java scripts and SeqMonk 4 . To facilitate the comparison of methylation levels across samples, we applied the consecutive genomic window method to bin the bovine genome (Zhu et al., 2018) . Briefly, we first filtered out CpGs that had total read counts of less than 5. Then, we bound the genome to 300-bp tiles. Only tiles that contained greater than three CpG sites were kept. Tiles from replicate samples of the same developmental stage were combined to increase coverage (Figure 2A) . The number of captured 300-bp tiles in each stage is summarized in Supplementary Figure S1E . We then identified the common 300-bp tiles among all samples as commonly methylated. Uniquely methylated tiles were also obtained for each sample. DNA methylation of each sample was calculated by averaging the 300-bp tiles' methylation. Moreover, we calculated the CpG density as described by Guo et al. (2014) . First, we determined the total number of all CpG sites located within 150 bp upstream and downstream of each CpG site. Then, the CpG density of every 300-bp tile was determined as the average of all CpG sites within the 300-bp tile.
Pairwise Comparison of Methylation Changes and Gamete-Specific DMRs
Using Bedtools (Quinlan and Hall, 2010) , we identified the common 300-bp tiles between consecutive stages and between male and female gametes. We followed the method by Guo et al. (2014) to classify changing tiles as those with methylation differences greater than 40% and significantly different by Fisher's exact test (P-value ≤ 0.05, FDR ≤ 0.05). The remaining tiles were defined as stable tiles. Increasing/decreasing tiles between consecutive stages were used to define DNA methylation changes. Differentially methylated regions (DMRs) were defined as common 300-bp tiles between two types of gametes/stages that had methylation levels ≥ 75% in one stage/type and ≤25% in another, and were significantly different by Fisher's exact test (P-value ≤ 0.05, FDR ≤ 0.05). Hyper-and hypo-methylated tiles were those with DNA methylation levels ≥ 75% and ≤25%, respectively.
Genomic Feature Annotation
Genomic features, including promoters (1,000 bp upstream of Transcription Start Sites; TSS), exons, introns, CpG islands (CGIs), intergenic, long interspersed nuclear elements (LINEs), short interspersed nuclear elements (SINEs), and long terminal repeats (LTRs) were downloaded from University of California, Santa Cruz (UCSC) genome browser (bovine genome UMD3.1.1).
Gene Ontology Analysis
Gene Ontology (GO) of DMRs was performed using DAVID (Huang et al., 2009a,b) . GO terms with an FDR adjust P-value ≤ 0.05 were deemed statistically significant.
Gene Expression Analysis
We downloaded RNA-seq data of bovine sperm (GSE68507, Lesch et al., 2016) , GV oocytes, in vitro matured oocytes (GSE52415, Graf et al., 2014) , and in vivo matured oocytes and embryos (GSE59186, Jiang et al., 2014) . Raw reads were trimmed by Trimmomatic (Bolger et al., 2014) and aligned to bovine reference genome assembly UMD3.1.1 using Hisat2 version 2.0.5 aligner (Pertea et al., 2016) . IsoEM version 1.1.5 (Nicolae et al., 2011) was used to quantify gene expression to fragment per kilobase million (FPKM) using default parameters. Transcripts that annotated to LINEs, SINEs, and LTRs were determined by Bedtools (Quinlan and Hall, 2010) . Spearman correlation coefficients between log2 transformed gene expression levels and DNA methylation levels of promoter, gene body, exon, intron, CGIs, LINEs, SINEs, and LTRs were calculated and plotted in R.
RESULTS AND DISCUSSION
Profiles of the WGBS Libraries of Bovine Gametes and Embryos
Using WGBS, we analyzed a total of 35 samples of sperm, GV oocytes, in vivo and in vitro matured oocytes and cleavage stage in vivo embryos. The bisulfite conversion efficiency was more than 97% in each sample (Supplementary Table S1 ). Pearson correlations indicated higher reproducibility within stages than between stages (Supplementary Figure S1A) . Captured CpGs were broadly spread across each chromosome (Supplementary  Figures S1B,C) . Overall, two distinct profiles of methylation were observed: (1) highly methylated sperm, and (2) lowly methylated oocytes and embryos (Supplementary Figure S1C) . Consistent with findings in humans (Hong et al., 2013; Liu et al., 2016) and mice (Mechta et al., 2017) , virtually no (less than 1.5%) DNA methylation was found in mitochondrial DNA (Supplementary Figures S1B,C) .
In single oocytes and embryos, an average of 9 million reads uniquely mapped to the bovine genome assembly, UMD3.1.1, with an average 9.3% mapping rate (Supplementary Table S1 ). This is higher than the average mapping efficiency (1.4%) of mouse single oocytes subjected to the same protocol (Smallwood et al., 2014) . After removing duplicated and non-bisulfite converted reads, we obtained an average of 1.8 million and 116, 655 CpG dinucleotides at 1 and 10× coverage, respectively, in embryos and oocytes (Supplementary Table S1 ). In the sperm samples, the average mapped reads (40 million), mapping rates (25.3%), unique reads (35.6 million) and the numbers of CpGs with 1 and 10× coverage (12 million and 608,253) were much higher than those of the single oocytes and embryos.
Unique Features of the Methylome Dynamics in Bovine Gametes and Pre-implantation Embryos
A circus plot was generated to display CpG methylation levels within 300-bp tiles across all 30 bovine chromosomes (Supplementary Figure S1D) . Supplementary Figure S1E summarizes the total number of 300-bp tiles in each stage. Methylation in sperm was much higher (72.5%; Figure 1A ) than oocytes (29.0-31.3%) and embryos (15.3-32.1%, Figure 1A and Supplementary Figure S1D ). These changes are caused by the global demethylation in the early bovine embryos. After fertilization, CpG methylation in gametes (72.5% in sperm and ∼30% in oocytes; Figure 1A ) decreased rapidly at the 2-cell (25.0%; Figure 1A ) and 4-cell stages (26.7%; Figure 1A ). As development progressed, a further and major overall demethylation event occurred with methylation reaching the lowest point at the 8-cell stage (15.3%; Figure 1A) , coinciding with the onset of major embryonic genome activation (EGA) (Misirlioglu et al., 2006; Jiang et al., 2014) . A doubling of DNA methylation was seen at the 16-cell stage (32.1%; Figure 1A ). The timing of this major event of de novo methylation was consistent with our previous finding using RRBS (Jiang et al., 2018) , as well as with the results generated by immunostaining (Dean et al., 2001; Dobbs et al., 2013; O'Doherty et al., 2015) .
Of note, the three types of oocytes studied had minor differences in their DNA methylation levels. In vivo matured oocytes (31.6%) appeared to have gained an additional 2% methylation from the GV stage (29.7%) in a relatively short time frame. During this transition, the chromatin undergoes further condensation to form chromosomes; the addition of minor methylation may have mainly occurred during oocyte growth. But this minor methylation change is consistent with the prior observation that the maturation/growth process involves addition of DNA methylation in the mouse (Kono et al., 1996) . Moreover, a small but noticeable difference in methylation levels was also seen between in vitro (29.0%) and in vivo matured oocytes. This difference may suggest aberrant DNA methylation during in vitro maturation. In vitro maturation, fertilization, and culture has been linked to abnormal embryo development and gene expression (Smith et al., 2005 (Smith et al., , 2009 ) and large offspring syndrome (Young et al., 1998) .
Interestingly, the methylation levels of non-CpG (CpH) sites showed an opposite demethylation-remethylation pattern and remained mostly at low levels ( Figure 1B and Supplementary Figure S1F ). For example, non-CpG methylation peaked at the 8-cell stage and was the lowest in sperm, a reverse pattern to that observed for CpG methylation. A similar pattern between CpG and non-CpG methylation was also observed in monkey embryos (Gao et al., 2017) . Although non-CpG methylation has been reported to be enriched in oocytes (Tomizawa et al., 2011) and pluripotent stem cells, its functions, if any, remain poorly understood. Our results showed that non-CpG methylation peaked when high expression of pluripotency genes and EGA occurred in bovine pre-implantation embryos (Jiang et al., 2014) , indicating an active regulatory role of non-CpG methylation in pluripotent gene expression as speculated earlier (Ramsahoye et al., 2000) .
Potential Mechanisms for the Methylome Dynamics
To better understand the mechanisms underpinning the DNA methylation dynamics, we analyzed the RNA-seq data of bovine gametes and embryos (Graf et al., 2014; Jiang et al., 2014; Lesch et al., 2016) for genes that encode DNA methylcytosine dioxygenases (TET1, TET2, and TET3; (Huang et al., 2014) and DNA methyltransferases (DNMT1, DNMT3A, DNMT3B, and DNMTL). TET3 and TET2 were enriched in oocytes and 2-cell embryos, and their levels started to fade away at the 4-cell stage (Figure 1C) , indicating a TET-mediated active DNA demethylation event that continued after fertilization . Interestingly, expression of the other TET family member, TET1, was first seen at 4-cell stage and peaked at the 16-cell stage (Figure 1C) , corresponding to its known function of promoting pluripotency of the inner cell mass (ICM) in blastocysts (Ito et al., 2010; Seisenberger et al., 2013) . On the other hand, the expression level of transcripts for DNMT1, the methylation maintenance enzyme (Goyal et al., 2006) , was highest in in vivo matured oocytes, reduced gradually after fertilization, and reached the lowest level at the 8-cell stage ( Figure 1C ). This may be why the overall methylation levels of matured oocytes and the first two cleavage stage embryos did not dramatically decline until the 8-cell stage since bisulfite treatment cannot distinguish between 5-methylcytosine and the product of TET activity, 5-hydroxymethylcytosine. Transcripts for the de novo methyltransferase DNMT3A (Cheng and Blumenthal, 2011) , and its cooperative homolog, DNMT3L (Hata et al., 2002) , were low until the 16-cell stage (Figure 1C) , when we observed a doubling of DNA methylation levels. The third gene in the DNMT3 family, DNMT3B, had an expression pattern similar to that of DNMT1, and may be important for de novo methylation at earlier stages (Liao et al., 2015) . Taken together, the expression dynamics of methyltransferases is closely related to changes of the methylome in bovine oocytes and early embryos, and active demethylation by different members of the TET family may be involved throughout early embryo development as opposed to largely at the zygotic and blastocyst stage as seen in the mouse (Iqbal et al., 2011; Wossidlo et al., 2011) .
Genomic Regions of Dynamic Methylation Changes
To determine the specific genomic regions that underwent dynamic methylation changes, we analyzed the methylation levels of promoters, exons, introns, CGIs, and intergenic regions of all annotated bovine genes ( Figure 1D) . We found that promoters and CGIs were consistently lowly methylated across all developmental stages, even in the highly methylated sperm. This observation was also found in other species (Smith et al., 2012; Guo et al., 2014) . Interestingly, exons were highly methylated in sperm (∼60%), but lowly methylated in oocytes (< 20%) and cleavage stage embryos (∼30%), suggesting that exons of the paternal genome underwent specific and deeper de-methylation than other elements of the genome. Methylation levels in exons had a minor increase at the 2-cell stage, but surged remarkably between the 8-and 16-cell stages. On the other hand, changes in introns and intergenic regions closely resembled the whole genome dynamics (Figure 1D) . The patterns of methylation dynamics in promoters and CGIs, which make up less than 1% of the genome, did not follow those of the whole genome and stayed in a hypomethylated state (methylation level ≤ 25%). In addition, previous studies have also found that about 70% of promoter regions and CGIs that had high CpG densities remained predominantly unmethylated (Xie et al., 2013; Guo et al., 2014; Takahashi et al., 2017) . These data suggest that the global methylation changes mainly reflect those of noncoding/regulatory regions, such as intergenic regions and introns. Regulatory regions, such as promoters and CGIs, as well as coding regions (exons) have their own specific pattern of fluctuations in DNA methylation. Subsequently, we examined DNA methylation along the gene body and 15 kb up-and downstream of all annotated bovine genes ( Figure 1E) . A valley in methylation levels was observed around the TSS of all genes, coinciding with the predominantly unmethylated promoters. Methylation gradually increased from TSS to transcription end site (TES) and slightly decreased after TES in all stages. This pattern was repeatedly observed in all samples regardless of their overall methylation levels ( Figure 1E ) and was also seen in our RRBS study (Jiang et al., 2018) . This suggests that, in addition to gene expression regulation, DNA methylation may also be used as a marker for a gene's TSS and TES boundaries (Naumann et al., 2009 ). The enrichment of DNA methylation of the gene body has been associated with constitutive expression of housekeeping genes (Bewick and Schmitz, 2017; Zilberman, 2017) . While this may suggest that gene body methylation is involved in active transcription, the mechanism of this requires further investigation.
Correlation Between CpG Density and Methylome Dynamics
To determine whether CpG density is correlated with DNA demethylation and remethylation patterns, we plotted the DNA methylation levels of 300-bp tiles against their CpG density in all samples (Figure 2A) . Genome regions were categorized into high (80-100%), intermediate (20-40%, 40-60%, and 60-80%), and low (0-20%) methylation ( Figure 2B ) and their correlation to CpG density was plotted in Figures 2C-E . Sperm exhibited a strong negative correlation (r = −0.97) between CpG density and methylation levels: regions with low CpG density had high methylation and vice versa (Figures 2A,C-E) . Surprisingly, such a negative correlation had also been reported previously in differentiated somatic cells, likely because both cell types are highly methylated (Smith et al., 2012) . However, among the other samples, only the 16-cell stage embryos had some trend of negative correlation (Figure 2A) . The high overall levels of methylation in the sperm was the result of their containing a high proportion (more than 60%) of highly methylated tiles, while oocytes and cleavage embryos had less than 20% of such tiles ( Figure 2B) . Inverse correlation between CpG density and DNA methylation levels was also seen in our RRBS study (Jiang et al., 2018) of gametes and embryos, and in embryonic stem cells (Booth et al., 2012) .
Correlation Between Dynamics of Transcriptomes and Methylomes
Using RNA-seq data of bovine sperm (Lesch et al., 2016) , GV oocytes, oocytes matured in vitro (Graf et al., 2014) and in vivo as well as cleavage stage embryos (Jiang et al., 2014) , we observed weak negative correlations, ranging from −0.30 in sperm to −0.18 in the in vivo matured oocytes, between methylation levels of promoters and the expression of the corresponding genes (Supplementary Figure S2A) . There were very weak negative correlations (in the range of −0.21 to −0.11) between gene expression and methylation of gene body, exon, intron, and CGI (Supplementary Figure S2B) . The correlation between methylation levels of repetitive elements and their corresponding expression, however, was weakly positive, ranging from 0.14 to 0.18 (Supplementary Figure S2B) . A previous study in mouse embryos also reported similar observations (Papin et al., 2017) . While LINEs, SINEs, and LTRs Figure S2C) , their overall RNA expression remained at low, but relatively constant levels (FPKM < 40), throughout the developmental stages studied (Supplementary Figure S2D) , indicating the repression of repetitive element expression was possibly exerted through other mechanisms (Reik, 2007) .
Commonly and Uniquely Methylated Regions
A total of 14,939 300-bp tiles were found across all samples and termed commonly methylated. Their distribution along the 30 bovine chromosomes is illustrated in circos plots ( Figure 3A) . These tiles were characterized by low CGI density and low gene density ( Figure 3B) . Specifically, 86% of these tiles were located in non-coding regions (71% intergenic and 15% introns), 3% in CGIs, and 11% in repetitive regions, such as LINEs (2%), SINEs (1%), and LTRs (8%). Because commonly methylated introns were the only regions that could lead to examination of functional genes in this group of tiles, we looked at their GO terms and found that they were enriched for involvement in cell differentiation and migration, signal transduction, protein localization and metabolic processes ( Figure 3B and Supplementary Table S2 ). Many of these were housekeeping genes suggesting the importance of consistent expression during early development. The methylation of introns of housekeeping genes found here corresponds to the earlier finding of methylation of their gene body (Zilberman, 2017) . Interestingly, commonly methylated tiles exhibited a very similar pattern of methylation changes to that observed in oocytes and embryos, but not in sperm ( Figure 3C ). Commonly methylated tiles only had a methylation level of 19.4% in sperm, compared to the global methylation level of 72.5%, suggesting that these tiles, although mainly intergenic, possibly resisted global demethylation. This difference suggests that the sperm and oocytes/embryos are differentially methylated even in the intergenic regions.
Within commonly methylated regions, tiles that were hypermethylated (methylation level ≥ 75%) in a specific stage are represented by heatmaps for their GO categories ( Figure 3D) . In the sperm, these tiles were enriched in genes of muscle contraction regulation, as well as oocyte development, and differentiation ( Figure 3D and Supplementary Table S3) , corresponding to the need for their repression. On the other hand, more GO terms were involved in hypermethylated tiles in in vivo matured oocytes than GV oocytes and those matured in vitro (Supplementary Table S3) . A common GO term among the three types of oocytes was response to oxygen-containing compound ( Figure 3D and Supplementary Table S3 ). Oxygen stress in in vitro culture could generate excessive cytotoxic reactive oxygen species (ROS) and affect the viability of gametes ( Park et al., 2005) . The hypermethylation of these genes in oocytes is consistent with the fact the oocytes are naturally located in environment of low oxygen tension and are of better quality when they are matured in such conditions. The hypermethylation of these genes may hamper the oocytes' ability to adapt to artificial culture environments (Waldenström et al., 2009) . Additionally, the hypermethylated regions in 8-or 16-cell embryos were mostly hypermethylated in other stages (Figure 3D ), suggesting these regions either resisted demethylation or regained their methylation during the de novo process.
We next analyzed the uniquely methylated regions in each sample (Supplementary Figure S3A) . Sperm had the highest number of such tiles (276, 190) , followed by the 16-cell embryos (31,628), with the least in in vivo matured oocytes (877). Those in sperm (Supplementary Figure S3B) were enriched in intergenic (30%) and repetitive regions (31%), including 16% in SINES, 12% in LINEs and 3% in LTR, while only 1% fell in promoter regions. The GO terms of genes represented by these tiles were immune and inflammatory responses, G-protein receptor signaling pathway, and cell adhesion (Supplementary Figure S3B) . Uniquely methylated regions in oocytes and embryos were also enriched in intergenic and repetitive regions (Supplementary Figure S3C ) and their changes in methylation level (Supplementary Figure S3D) closely resembled those in the commonly methylated regions ( Figure 3C ) and the global changes in methylation. However, uniquely methylated regions in sperm (95% of the total tiles) were hypermethylated (82.3%); while, their commonly methylated region (5% of the total tiles) were hypomethylated (19.4%), indicating that the uniquely methylated regions in the sperm were likely targets of methylation erasure and re-establishment during embryonic development.
Pairwise Methylome Comparisons at Consecutive Stages of Development
Overall, the methylation of the majority of the tiles (77.6% on average of each stage) were stable (differences ≤ 40%) (Figure 4A ), indicating that dynamic methylome changes occurred in a small number of regions of the genome. Of the two transitions that had the most changing tiles (Figure 4A) , a large portion (84.7%) showed decreased methylation from sperm to 2-cell; while, 78.7% of tiles had increased methylation from 8-to 16-cell. A total of 951 genes were represented by the differentially methylated tiles (Supplementary Figure S3E) between the 8-and 16-cell stages. Despite the overall de novo methylation pattern at this transition, 256 genes were de-methylated (Supplementary Figure S3E) . These genes were involved in actin cytoskeleton reorganization, negative regulation of transcription, and cell showing the DNA methylation dynamics of the X chromosome followed the global pattern of methylation changes. Line chart (C) of fragment per kilobase million (FPKM) expressions levels of XIST (TPM) in bovine early embryos. Visualization of (D) imprinted control regions (ICR) of PEG3 and H19. Heatmap of (E) of the methylation and expression levels (TPM) of 34 imprinted genes in pre-implantation embryos. GV, germinal vesicle oocytes; MII, matured oocytes. Blue text: paternally expressed genes, pink text: maternally expressed genes, Color key for heatmap: blue, hypomethylation and low expression, red, hypermethylation and high expression.
adhesion, suggesting that the embryos were preparing for the active division and differentiation required for morula and blastocyst formation. Conversely, a total of 695 genes were de novo methylated at the 16-cell stage and were associated with intracellular protein transport, cell migration, and DNA-template transcription (Supplementary Figure S3E and Supplementary Table S4 ).
Characteristics of DMRs Between Different Types of Gametes
We identified DMRs between sperm and each oocyte type, between GV and MII oocytes, and between in vivo and in vitro matured oocytes (Supplementary Figures S4A-F) . The greatest number of DMRs and corresponding annotated genes were found between sperm and in vitro matured oocytes (6,211), while the least were between GV and in vivo matured oocytes (755) (Figure 4B ). Large numbers of DMRs (801) were also found between in vivo and in vitro matured oocytes. Between sperm and in vivo matured oocytes, 1,200 DMRs were highly methylated in in vivo matured oocytes ( Figure 4C ) and 1,453 were highly methylated in sperm ( Figure 4C ). These DMRs may represent parent-of-origin specific epigenetic modifications.
Most of them, however, were distributed in intergenic regions. A high percentage of DMRs were LTRs (oocyte: 12%; sperm: 3%) and SINEs (oocyte: 2%; sperm: 6%). More highly methylated DMRs were found in exons (sperm: 8%; oocyte: 3%) and CGIs (sperm: 13%; oocyte: 8%) in sperm than in oocytes.
We then profiled the dynamic changes of the DMRs that were highly methylated in one type of gametes ( Figure 4D , upper panel). Only DMRs that were located in the commonly methylated regions across all samples were included for downstream analysis. DMRs among different types of oocytes were mostly intermediately methylated (25-75%). Interestingly, the majority of the DMRs that were highly methylated in in vivo matured oocytes had intermediate methylation in both GV oocytes and in vitro matured oocytes, indicating that the oocytes gained additional methylation during the maturation process and the in vitro environment was not able to ensure proper DNA methylation in these regions. A previous study also demonstrated that suboptimal in vitro culture altered the DNA methylation landscape in bovine embryos (Salilew-Wondim et al., 2015) . Another potential contributor to this difference is the size of the follicles from which the oocytes were derived (O 'Doherty et al., 2012) . In vivo matured oocytes ovulated from fully grown follicles, while the GV and in vitro matured oocytes were aspirated from follicles 3-5 mm in diameter. During the antral phase of follicle growth, the oocyte also changes in size, albeit minor, and likely methylation as well. More changes in methylation were found in oocytes that were matured in vitro (Kerjean et al., 2003; Borghol et al., 2006; Song et al., 2009) . Furthermore, changes in DMRs that were hypermethylated in in vivo matured oocytes ( Figure 4D upper left panel), resembled the global methylome dynamics during pre-implantation development. In contrast, DMRs specifically hypermethylated in sperm ( Figure 4D upper right panel) had relatively high methylation at the 2-cell stage compared to those that were only hypermethylated in the oocytes ( Figure 4D  upper left panel) .
Additionally, we identified 1,063 and 9,310 tiles that were either hypermethylated or hypomethylated in both sperm and in vivo matured oocytes (Figure 4D bottom panels) . The hypomethylated tiles were not further demethylated in preimplantation embryos, but increased their methylation level at the 16-cell stage ( Figure 4D bottom left panel) . However, tiles that were hypermethylated in both gametes, and localized in mostly intergenic regions, became largely hypomethylated during subsequent development and reached the methylation level nadir at the 8-cell stage ( Figure 4D bottom right panel) .
The annotated genes encompassing all DMRs from the six comparisons are summarized in Supplementary Table S5 . Interestingly, only one common GO term, cell adhesion, was found in DMRs that were hypermethylated in sperm while hypomethylated in the three types of oocytes ( Supplementary  Figures S4A-C) . A previous methylome study (Perrier et al., 2018) compared bull sperm to somatic tissues, and showed methylated regions specific to sperm were also involved in cell adhesion, along with migration and fertilization, which are essential for sperm viability and function. For DMRs between in vivo and in vitro matured oocytes, genes involved in positive regulation of endosome, cellular component organization, and cytoplasmic transport were hypermethylated in in vivo matured oocytes, while those related to urogenital and reproductive system development, and cell development were hypermethylated in in vitro matured oocytes. While most of these GO terms do not seem to be related to functions of gametes, the discrepancies may set the foundation for the abnormal fetal development in embryos produced in vitro. We have shown previously that oocytes matured and fertilized in vivo but cultured in vitro had a blastocyst rate of 75%; while, embryos from in vitro matured oocytes had a 37% blastocyst rate when cultured in vitro under the same conditions (Smith et al., 2009) . Rizos et al. (2002) also observed the crucial role of oocyte maturation conditions in blastocyst yield. These data demonstrate the importance of proper oocyte maturation.
Methylation of the X Chromosome and Imprinted Genes
In the mouse, the sperm carries an inactive X chromosome which is quickly reactivated after fertilization (Goto and Monk, 1998) . We found that the bovine gametes also had differentially methylated X chromosomes with the X in sperm much more methylated than that in matured oocytes. After fertilization, the overall DNA demethylation pattern of the paternal X chromosome closely resembled that of the whole genome ( Figures 5A,B) , suggesting reactivation of the paternal X chromosome. This is consistent with the observation that expression of the X-linked MAOA gene was detected from both parental X chromosomes until the morula stage when XCI was first observed (Ferreira et al., 2010) . Interestingly, the overall methylation level of the paternal X chromosome was about 10% lower than that of the entire sperm genome (Figure 5B) , probably because it contained more X-linked hypomethylated tiles than the whole genome (Supplementary Figure S1D) . This observation was also seen in our bovine RRBS data (Jiang et al., 2018 ) and a WGBS study of monkey gametes and embryos (Gao et al., 2017) . During spermatogenesis, partially synapsed X and Y chromosomes undergo meiotic sex chromosome inactivation (MSCI) and form the distinct chromatin domain, namely, XY-or sex-body (Cloutier and Turner, 2010; Ichijima et al., 2012) . This results in the nearly complete inactivation of transcription from the sex chromosomes in the spermatocytes, which persists during the two rounds of meiotic division (Fallahi et al., 2010) . In spermatids, 87% of X-linked genes remain repressed while autosomal genes are largely active (Namekawa et al., 2006) . Our data and that of Gao et al. (2017) suggests that even though the gene expression from the sperm X chromosome is more suppressed than from the autosomes, methylation of the sperm X chromosome was lower and may not be the major mechanism for transcription inhibition. The more important mechanism may be the formation of the heterochromatic sex body, which acts as a barrier by preventing access of the transcriptional machinery.
The expression of the X-linked XIST gene is essential for initiation of XCI in mammalian embryos (Kalantry et al., 2009 ). In males, XIST is expressed in the testes and is speculated to coat the X chromosome and form sex body during male MSCI (Turner, 2007) . Using expression data from Jiang et al. (2014) and Lesch et al. (2016) , we found that the XIST transcript was absent in sperm and its transcription was not initiated until the 2-cell stage ( Figure 5C) ; this is consistent with data by De La Fuente et al. (1999) in early bovine embryos. The major increase in XIST expression was observed between the 4-to 8-cell stage, when EGA occurs, and it peaked at the morula stage ( Figure 5C) ; this is likely because XCI will be established soon, which was first reported by Xue et al. (2002) in the bovine.
Genomic imprinting is a phenomenon of parent-of-origin specific gene expression (Rivera and Bennett, 2010) and is regulated by differential epigenetic marks on gametes (Zaitoun et al., 2010) . Unlike the whole genome, which undergoes a drastic reprogramming after fertilization, imprinted genes retain their germline DMRs (Sanz et al., 2010; Stewart et al., 2016) . To date, 53 imprinted genes have been identified in the bovine , of which 34 are annotated in the current genome and were analyzed in this study.
Interestingly, we observed two distinct patterns of gametespecific methylation for bovine imprinted genes. The first included 20 genes, 9 paternally and 11 maternally expressed, whose average methylation along the gene body was negatively correlated with their reported allelic expression, as expected. For example, the paternally expressed gene, SGCE, was hypomethylated in sperm and hypermethylated in in vivo matured oocytes; while, the maternally expressed gene IGF2R was hypomethylated in oocytes and hypermethylated in sperm. In the second pattern, which included 14 genes, 8 paternally, and 6 maternally expressed, a positive correlation of methylation and the known allelic expression pattern was observed ( Figure 5E ). For instance, the paternally expressed genes, BEGAIN, IGF2, and RTL1, were hypermethylated in the gene bodies in sperm and hypomethylated in oocytes; while, the maternally expressed OOEP and PHLDA2 were hypermethylated in their gene bodies in the oocytes. Our RRBS data from bovine embryos (Jiang et al., 2018 ) also documented similar findings. The disagreement between methylation and expression patterns could be due to the involvement of other epigenetic mechanisms (Inoue et al., 2017) , as well as the fact that the imprinting control region may fall into other regions including those that are intergenic. Overall, the expression heatmap ( Figure 5E ) showed that the majority of paternally expressed genes had high expression levels in sperm, while a significant number of the maternally expressed genes had high expression in the GV oocytes.
We then characterized genes for which the imprinting control regions (ICR) (Pervjakova et al., 2016) are known regulatory germline DMRs. In the bovine, these are very few. The ICRs for imprinted genes PEG3 (Kim et al., 2007) and H19 (Robbins et al., 2012) (Figure 5D ) are located at the first exon (Kim et al., 2007 ) and 3 kb upstream of the H19 promoter (Hansmann et al., 2011; O'Doherty et al., 2015) , respectively. In bovine gametes and early embryos, the methylation of these ICRs in gametes corresponded to their parent-of-origin specific expression. For example, the ICR of the paternally expressed PEG3 was hypomethylated in sperm and hypermethylated in oocytes, and the methylation was maintained at around 50% up to the 16-cell stage (Figure 5D ), as expected.
CONCLUSION
Our data delineated the complex methylome reprogramming of bovine gametes and early embryos. The major wave of genomewide DNA demethylation was completed at the 8-cell stage when de novo methylation became prominent. Sperm and oocytes were differentially methylated in numerous regions, and DMRs were also identified between in vivo and in vitro matured oocytes. The WGBS results paralleled our previous published RRBS data (Jiang et al., 2018) , and provided further insights at single CpG resolution, which allowed us to characterize DNA methylation of the X chromosome and known imprinted genes.
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